Abstract: Bark beetles (Coleoptera: Scolytidae) infesting Norway spruce trees are known to be associated with fungi, especially species of Ophiostoma sensu lato and Ceratocystis. However, very little is known about these fungi in Poland. In this study, we examined the ophiostomatoid species associated with seven species of bark beetles developing in Norway spruce (Picea abies). Fungi were isolated from the beetles and their galleries at ten sites in southern Poland. We identified a total of 2,769 fungal isolates that belong to 19 ophiostomatoid species. These 19 species included a total of 16 associations between fungi and bark beetles that had not been previously recorded. The isolated fungal species were similar to those previously reported. The species spectrum and relative abundance of fungal associates were similar in seven bark beetle species, despite some differences between species. Except for Pityophthorus pityographus, all bark beetles species were frequently associated with ophiostomatoid fungi. The most commonly encountered fungal associates of bark beetles were the following: Ophiostoma ainoae, O. bicolor, O. piceae sensu lato and Grosmannia piceiperda. The results support the hypothesis that pathogenic ophiostomatoid fungi are important for aggressive bark beetles to kill trees. The most virulent fungal associate of bark beetles, Ceratocystis polonica was most commonly associated with Ips typographus. The most frequent ophiostomatoid species isolated from the beetles and galleries of P. pityographus were O. ainoae and Graphium fimbriisporum.
Introduction
Most bark beetle species are considered as secondary invaders that colonize recently killed, dying, or weakened trees (Michalski & Mazur 1999) . If abundant, a few aggressive bark beetle species developing in Norway spruce can cause extensive damage to spruce forest also in Poland. Among them, Ips typographus (L., 1758) is able to attack healthy standing trees if conditions are favourable. This is why it is often considered as the primary factor causing tree mortality (Christiansen 1989) . In some Norway spruce stands of Polish mountains, however, an increased frequency of Pitygenes chalcographus (L., 1761) has been recently observed (Grodzki 2004; Kula & Ząbecki 2006) . In such areas, P. chalcographus was also able to kill healthy trees.
Ophiostomatoid species are well-known entomochoric fungi that occur in galleries constructed by bark beetles under the bark of Norway spruces [Picea abies (L.) H. Karst.] (Kirisits 2004) . These fungi are transferred to the tree during beetle infestation, and some of them help the bark beetles to kill the trees attacked. Many of them are the causal agents of sapstain. The bark beetle I. typographus carries the pathogenic fungus Ceratocystis polonica (Siemaszko) C. Moreau which helps to kill healthy trees, whereas non-aggressive species of bark beetles do not need pathogenic bluestain fungi because they only colonize dying or dead trees (Christiansen et al. 1987; Raffa 1991; Krokene & Solheim 1996) .
Little is known about ophiostomatoid fungi associated with non-agressive bark beetle species that colonize Norway spruce (Mathiesen 1950; Mathiesen-Käärik 1953; Kotýnková-Sychrová 1966; Harding 1989; Lieutier et al. 1992; Krokene & Solheim 1996; Kirisits et al. 2000; Kirschner 2001 ; Kirisits & Kondrad 2006) . The known fungal associates of these insects are ascomycetes of the genera Grosmannia, Ophiostoma, Ceratocystis and Ceratocystiopsis, and the anamorphic genera Graphium and Leptographium. These fungi have mostly been isolated from bark beetle species infesting thick and large stems of spruce trees. Therefore there is no information about mycobiota associated with Pityophthorus pityographus (Ratzeburg, 1837) which colonizes branches of P. abies and may also occur in thin stems too. Also, information about ophiostomatoid fungi associated with Ips amitinus (Eichhoff, 1868) and Polygraphus poligraphus (L., 1758) in Europe is very limited (Krokene & Solheim 1996; Kirschner 1998 Kirschner , 2001 Kirisits et al. 2000) .
Several observations on the ophiostomatoid fungi associated with bark beetles in Norway spruce trees were made in Poland (Siemaszko 1939; Jankowiak 2004 Jankowiak , 2005 Jankowiak & Hilszczański 2005) . However, these studies focused on the species of blue-stain fungi with affinity to I. typographus. A total of 14 ophiostomatoid species were found in the galleries of I. typographus in Norway spruce. Of them, C. polonica, Grosmannia penicillata (Grosmann) Goid., G. piceiperda (Rumbold) Goid., Ophiostoma ainoae H. Solheim, O. bicolor R.W. Davidson & D.E. Wells and O. piceae sensu lato were most frequent. This study aims to clarify the ties among ophiostomatoid fungi and their bark beetle vectors in the branches of Norway spruce, and characterize diversity of assemblages of these fungal associates of bark beetles in southern Poland.
Material and methods
Collecting bark beetles and their galleries During 2007, the adult bark beetles Dryocoetes autographus (Ratzeburg, 1837), Hylurgops palliatus (Gyllenhal, 1813), I. typographus, I. amitinus, P. chalcographus, P. pityographus, P. poligraphus (Coleoptera: Scolytidae) and their galleries were collected from windblown P. abies trees in ten stands in southern Poland (Fig. 1) . These stands were sampled to characterize the dominant bark beetles and their fungal associates. Three sites (Stanis lawice, Mielec,Żurada) consisted of more than 90% Scots pine with a small share of Norway spruce, white birch (Betula pendula Roth) and European larch (Larix decidua Mill.). One site (Czajowice) was located in old mixed stand dominated by European beech (Fagus sylvatica L.). Four sites (Chyszówki, Rajcza, Sól, Zawoja) were located in pure spruce stands. For the two sites (Kamienica, Wojkowa) the share of silver fir (Abies alba Mill.) over 80% was typical, with admixture of Norway spruce. In spruce stands located in the area of BeskidŻ ywiecki Mountains (Rajcza, Sól, Zawoja) a large-scale forest decline has been recorded since 1996. The death of large numbers of spruce trees in these stands was mainly caused by root diseases and infestation by I. typographus, I. amitinus and P. chalcographus (Grodzki 2004) .
At each site a total of 18 sections of branches (four to six branches per tree crown) were taken from two to four neighboring windblown spruce trees. The same branches were used for collecting both adult bark beetles and their galleries.
In May 2007, the branches, 40 cm long each, mean diameter in the range from 1.1 to 11.6 cm, were selected at random and cut from each tree crown. Then, the branches, were transferred from the forest and placed in the laboratory. Their outer bark was stripped within 48 hours of collecting. The adult bark beetles were removed from their galleries with sterilized tweezers. They were placed individually in sterile microtubes (1.5 ml) and identified, using Nikon 1500SZ microscope, by external characters according to Nunberg (1981) and Schedl (1981) . The length of the parent galleries of these beetles ranged from 1.0 to 3.0 cm. A total of 808 individuals and 271 galleries of bark beetles were collected.
Isolation and identification of fungi
Within 48 hours of collection, the beetles without surface sterilisation were crushed with a sterile scalpel on a microscopic slide, and macerate was spread evenly over the surface of the medium placed in Petri dishes.
The galleries were disinfected using cotton wool saturated with 96% ethanol. The disinfection lasted approximately 15 seconds. Then, the galleries were dried on filter paper. The surface layer of phloem was removed with a sterile scalpel. Fragments of sapwood (4 × 4 mm in size) were cut out with a sterile chisel and placed on culture medium in Petri dishes. Samples were collected from the discoloured sapwood underneath the galleries up to the depth of 10 mm into the sapwood. Altogether, 1,634 samples of sapwood were collected. All isolations were made on 2% malt extract agar (MEA; 20 g malt extract, Difco, Detroit, Michigan; 20 g agar Fluka Chemie GmbH, Madrid, Spain; and 0.2 g tetracycline, Polfa Tarchomin SA., Poland; all per litre distilled water). When necessary, cultures were purified by transferring small pieces of mycelium or spore masses from individual colonies to fresh 2% MEA. Cultures were incubated at room temperature in the dark. Fungi were identified on the basis of morphological characteristics of the ascomata, ascospores, conidiophores and conidia. Ascomata and conidiophores were mounted in lactophenol on glass slides and characterized using light microscopy. Fungal structures were compared with the species descriptions given in the literature (Siemaszko 1939; Mathiensen-Käärik 1953; Upadhyay 1981; Solheim 1986; Yamaoka et al. 1997; Jacobs & Wingfield 2001) . Comparisons of fungal isolates with known cultures from the collection of the Laboratory of Department of Forest Pathology (Agricultural University of Cracow, Poland) were also made.
Statistical analyses
As in the previous studies (Kim et al. 2005; Lee et al. 2006) , the Simpson's index of diversity (Simpson 1949 ) was used to characterize fungal diversity:
where Pi is the probability of sampling the species "i", counted in the case of bark beetle adults, as ratio between the number of individuals of a given bark beetle species carrying the respective fungus and the total number of individuals of a given bark beetle species; in the case of fragments from bark beetle galleries expressed as the ratio between the number of fragments from which a given fungal species was isolated and the total number of fragments examined. S is the number of species per sample. Fungal dominance was determined by Camargo's index (1/S ) (Camargo 1993) , where S represents the number of species (species richness). Particular species of fungi were considered as dominant in cases where Pi > 1/S.
The ties among the species of fungi and bark beetles were presented using correspondence analysis (Everitt 1992; Pérez et al. 2003) in the program STATISTICA , Version 8.0 software (StatSoft, Inc., Tusla USA). The frequency of fungal isolates was statistically compared (P ≤ 0.05) between bark beetle using the chi-square test (STATISTICA 8.0) . Only the most frequent species of fungi were subjected to statistical analyses.
Results
A total of 808 individuals of seven bark beetle species yielded a total of 1,141 fungal isolates (Table 1) . A total of 271 galleries of bark beetles yielded a total of 1,628 isolates of fungi (Table 2) . These 2,769 isolates included a total of 19 species of Ceratocystis, Ophiostoma sensu lato and/or their asexual stages (Tables 1, 2) .
Ophiostoma ainoae was the most frequently encountered fungus associated with P. chalcographus and P. pityographus. There was significant difference in its frequency between the beetles of these two species (χ 2 = 74.08, df = 1, P < 0.05). The fungus Grosmannia piceiperda was predominant on P. poligraphus, H. palliatus and D. autographus. There were significant differences in frequency of G. piceiperda between P. poligraphus and H. palliatus (χ 2 = 48.97, df = 1, P < 0.05), P. poligraphus and D. autographus (χ 2 = 51.17, df = 1, P < 0.05), whereas no significant difference was detected between H. palliatus and D. autographus (χ 2 = 0.13, df showing the ties among ophiostomatoid fungi and bark beetles. In this particular case, fungi were obtained from adult bark beetles (7 species) developing in branches of Norway spruce at 10 sites in southern Poland.
= 1, P > 0.05). Ophiostoma bicolor was the most frequently encountered fungus on the beetle I. amitinus and also in the galleries of I. typopgraphus. Differences in frequency of O. bicolor in the galleries of both species were not significant (χ 2 = 2.11, df = 1, P > 0.05). Ophiostoma piceae sensu lato was commonly isolated from beetles and galleries of I. typographus and D. autographus. The differences in its frequency in galleries of both beetles species were significant (χ 2 = 21.11, df = 1, P < 0.05) but they were shown not significant in the case of beetles (χ 2 = 0.29, df = 1, P > 0.05) (Tables 1, 2) .
Ambrosiella sp. was isolated only from the beetles and galleries of P. poligraphus, whereas Graphium fimbriisporum was frequently isolated from P. chalcographus and I. typographus. Nevertheless, no significant differences were found in fungal isolations between beetles of these two species (χ 2 = 2.63, df = 1, P > 0.05). Grosmannia cucullata Zipel, Z.W. de Beer & M.J. Wingf. was commonly encountered on the beetles and galleries of D. autographus. Grosmannia penicillata (Grosmann) Goid. was often found only in galleries of I. typographus. Ophiostoma minus (Hedgc.) Syd. & P. Syd. was sporadically isolated from P. poligraphus beetles, whereas Ophiostoma tetropii Math.-Käärik was found only in I. typographus galleries. Ophiostoma flexuosum H. Solheim was isolated only from D. autographus galleries, whereas O. brunneo-ciliatum was commonly associated only with I. amitinus (Tables 1, 2) .
The fungal community associated with I. typographus showed the highest number of species and the highest diversity. It was dominated by G. penicillata, O. bicolor and O. piceae sensu lato. Relatively high fungal diversity was found in P. poligraphus. The lowest fungal diversity was typical for populations of P. pityographus and H. palliatus (Tables 1, 2) .
Results of correspondence analysis made for beetles confirmed affinity of the fungus G. cucullata to the bark beetle D. autographus. The fungi G. penicillata and Ceratocystiopsis minuta (Siemaszko) H.P. Upadhyay & W.B. Kendr. were associated with I. typographus; whereas G. piceiperda and O. piceae sensu lato with H. palliatus. The fungus O. bicolor was connected to I. amitinus, the fungi O. ainoae and G. fimbriisporium were related to P. chalcographus, while Leptographium sp. and Ambrosiella sp. were mostly associated with P. poligraphus (Fig. 2) . Ophiostoma brunneocillatum was better correlated to I. amitinus. Similar results were obtained for galleries, except for I. typographus, which was strongly correlated to O. bicolor, G. penicillata and C. polonica (Fig. 3) .
Discussion
The study demonstrates a great diversity of ophiostomatoid fungi associated with the seven species of bark beetles in the branches of Norway spruce in southern Poland. Nineteen species of ophiostomatoid fungi, including Ceratocystiopsis, Ceratocystis, Grosmannia, Ophiostoma, Leptographium and Graphium spp., were isolated from bark beetles. This is the first comprehensive survey of fungi associated with bark beetles in Poland. The community of the ophiostomatoid fungi associated with particular bark beetle species was similar to the spectrum of fungi reported from other parts of Europe (Siemaszko 1939; Mathiensen 1950; Mahiesen-Käärik 1953; Kotýnková-Sychrová 1966; Solheim 1986; Harding 1989; Krokene & Solheim 1996; Viiri 1997; Kirschner 1998 Kirschner , 2001 Kirisits et al. 2000; Viiri & Lieutier 2004; Jankowiak 2005; Jankowiak & Hilszczański 2005; Sallè et al. 2005; Kirisits & Konrad 2006) . Ophiostoma ainoae, G. piceiperda and O. piceae sensu lato were the most commonly encountered fungal associates of bark beetles.
The results show that the seven species of bark beetles are vectors of a similar assemblage of fungi, despite some differences between species. These similarities could be largely attributed to similar niches that these beetles occupy. A similar situation was seen in Ophiostoma species associated with bark beetles colonizing P. abies in Austria (Kirisits et al. 2000) and Pinus radiata D. Don in northern Spain (Romón et al. 2007) . Generally, the differences between the mycobiota of bark beetle species on different host trees are considerably larger than between bark beetles occurring on the same plant host (Kirisits 2004) .
In this study all fungal associates of P. pityo-graphus are described for the first time. This species was frequently associated with O. ainoae, however, the frequency of occurrence of this fungus was relatively low. Also, other ophiostomatoid fungi were isolated at very low frequencies. Relatively weak relationships with blue-stain fungi were similar to those recorded for Pityogenes bidentatus (Herbst, 1784) (Jankowiak & Rossa 2008) and P. quadridens (Hartig, 1834) (Mahiesen-Käärik 1953) on Pinus sylvestris L. In Polish studies (Jankowiak & Rossa 2008) , P. bidentatus carried ophiostomatoid species very rarely and this bark beetle was frequently associated with fungi of the genus Geosmithia. In our study we also relatively often isolated these fungi from P. pityographus beetles and galleries.
Many new bark beetle-fungus associations emerged in this study. Grosmannia cucullata, O. ainoae, O. minus and Leptographium sp. are newly recorded from P. poligraphus, while C. polonica, O. bicolor and O. flexuosum were found in association with D. autographus for the first time. Leptographium lundbergii Lagerb. & Melin was not previously known as the associate of P. chalcographus.
Apart from P. pityographus, other bark beetles species were frequently associated with ophiostomatoid fungi. Ophiostoma ainoae was the most commonly associated with P. chalcographus. The high frequency of O. ainoae is in accordance with previous observations in Austria (Kirisits et al. 2000; Kirisits & Kondrad 2006) and Germany (Kirschner 1998 (Kirschner , 2001 ). However, it contradicts observations from Norway (Krokene & Solheim 1996) . In a Norwegian study, P. chalcographus was not consistently associated with any ophiostomatoid fungi, possibly due to different isolation methods used. Ophiostoma ainoae, also, was often isolated from other bark beetle species, including I. typographus. This is in agreement with previous observations that reported this fungus as a frequent associate of I. typographus (Harding 1989; Solheim 1993a; Yamaoka et al. 1997; Viiri 1997; Kirisits et al. 2001; Jankowiak 2004 Jankowiak , 2005 Viiri & Lieutier 2004; Jankowiak & Hilszczański 2005; Sallè et al. 2005) .
Consistent with the data of Kirisits et al. (2000) , we isolated O. brunneo-ciliatum very often from I. amitinus beetles and their galleries. This fungus is also a well-known associate of other bark beetles that infest pine and larch trees such as, for example, Ips sexdentatus (Börn., 1776) (Mahiesen-Käärik 1953; Lieutier et al. 1989; Kirschner 1998; Kirisits et al. 2000) and Ips cembrae (Heer, 1836) (Redfern et al. 1987; Kirisits et al. 2000; Jankowiak et al. 2007 ). It appears to be specifically associated only with I. amitinus on P. abies.
The other blue-stain fungus, G. piceiperda, was commonly found on D. autographus, H. palliatus and I. amitinus. Similar results were obtained in Austria (Kirisits et al. 2000) , Denmark (Harding 1989) and Norway (Krokene & Solheim 1996) . They suggest that G. piceiperda is associated with a wide range of insects and that it belongs to the most frequent associates of D. autographus, H. palliatus and I. amitinus on P. abies in Europe. The results of inoculations experiments indicated that G. piceiperda was pathogenic for mature spruce trees (Harding 1989; Solheim 1993b; Sallé et al. 2005; Jankowiak et al. 2009 ). On the other hand, in Austrian studies (Kirisits 1998) this species was reported to be only weakly pathogenic. The association frequency of G. piceiperda and its relatively high virulence indicate that it could be an important associate of D. autographus, H. palliatus and I. amitinus and, thus, it could play an important role in killing spruce trees.
In the present study, different fungal associates of H. palliatus were recorded than known on other host plants (Jankowiak 2006; Romón et al. 2007 ). Leptographium lundbergii, O. minus and Graphium sp. were frequently isolated from H. palliatus on P. sylvestris in Poland (Jankowiak 2006) , while in this study, G. piceiperda and O. piceae sensu lato were the most commonly encountered in association with the beetle. Recently, Romón et al. (2007) (Harding 1989; Krokene & Solheim 1996; Kirisits et al. 2000; Kirschner 2001 ). These results support the hypothesis that host tree is an important factor affecting ophiostomatoid species diversity (Kirisits 2004) .
The pathogenic fungus C. polonica was generally scarce in this study. It was isolated from I. typographus, I. amitinus, P. poligraphus, P. chalcographus and D. autographus. Ceratocystis polonica is a constant associate of I. typographus but it was isolated at very variable frequency of occurrence (Kirisits 2004) . Our studies confirmed earlier findings (Krokene & Solheim 1996; Kirisits et al. 2000) that C. polonica is more commonly associated with I. typographus than other bark beetle species. They are consistent with the hypothesis that aggressive species of bark beetles (e.g., I. typographus) are associated with more pathogenic fungi than the non-aggressive ones (Christiansen et al. 1987; Raffa 1991) . In contrast to the results of Kirisits et al. (2000) , C. polonica was occasionally isolated from the galleries of I. amitinus where it appeared to be an inconsistent associate of this beetle in Poland. However, the lower frequency of C. polonica in association with I. amitinus could be due to the relatively small number of I. amitinus samples. Non-aggressive species of bark beetles do not need to carry pathogenic fungi because they colonize stressed or dying trees. They are associated with weakly and moderately pathogenic fungi which help them to finish off the tree.
Ips typographus does also appear to be a consistent vector of G. penicillata. Our studies suggest that this fungus was not associated frequently with other bark beetles. This is consistent with earlier investigations in Europe (Harding 1989; Kirschner 1998; Kirisits et al. 2000) . This study showed that I. amitinus, I. typographus and, to a lesser degree P. chalcographus, were found to be important vectors of O. bicolor. Similar results were obtained in Austria (Kirisits et al. 2000) , Poland (Jankowiak 2005) , Denmark (Harding 1989) and Norway (Krokene & Solheim 1996) .
In this study, the most common beetle species, P. chalcographus, was found to be an important vector of ophiostomatoid fungi. However, this bark beetle does not appear to be a constant vector of pathogenic fungi like C. polonica and G. piceiperda. Fungi carried by P. chalcographus are only weakly pathogenic and are not likely to contribute substantially to the killing of host trees.
In the present studies, some ophiostomatoid species (Ceratocystiopsis minuta, Graphium fimbriisporum, G. penicillata, O. ainoae, O. piceae sensu lato) were isolated at higher frequencies from the beetles than from their galleries. The lower frequency of these fungal species in the galleries could be due to their constrained ability to quickly penetrate sapwood of spruce trees after the beetle infestation (Solheim 1992; Jankowiak 2005) . These fungi appear in the later stages of the fungal succession as secondary and tertiary invaders. In contrast, C. polonica, G. piceiperda and O. bicolor are better adapted than the other associates to invade sapwood and occur frequently in initial stages of the fungal succession.
It may be concluded that the fungi O. ainoae, G. piceiperda and O. piceae sensu lato were the most frequent associates of bark beetles in the branches of Norway spruce in southern Poland. Except for P. pityographus, all the bark beetles species were frequently associated with ophiostomatoid fungi. The seven species of bark beetles were documented here as vectors of similar assemblages of ophiostomatoid fungi. The most virulent fungal associate of bark beetles, C. polonica, was found only rarely. It was most commonly associated with I. typographus. The pathogenic fungus G. piceiperda was common on D. autographus, H. palliatus and I. amitinus. Other bark beetle species were closely associated with weakly pathogenic fungi.
